The other major compounds of the general molecular formula C n H 2n-2 O 2 , were consistent with wax esters (WE) with OA as fatty acyl component. Accompanying them were two homologous series of compounds which fit the molecular formulas C n H 2n-4 O 2 and C n H 2n O 2 . Subset 2 was found to be a homologues series of linoleic acid-based WE, while subset 3 was, apparently, a mixture of stearic acidbased WE. HPLC-API MS n analysis revealed the presence of large quantities of Chl esters (Chl-E) in all of the tested samples. Less than 0.1% (w/w) of oleamide was detected in human MGS. In the negative ion mode, three major compounds with m/z values of 729, 757, and 785 that were apparently related to anionogenic lipids of the diacylglyceryl family were found in all of the samples. Common phospholipids and ceramides were not present among the major MGS lipids. Phosphocholine-based lipids were found in MGS in quantities less than 0.01% (w/w), if any. This ratio is two orders of magnitude lower than reported earlier.
Introduction
Meibomian gland (MG), found in the eyelids of humans and other mammalians [1] , is a major source of various lipids that participate in formation of tear film lipid layer (TFLL) [2] . The latter is believed to play a critical role in protecting the ocular surface from dehydration by creating a physical barrier, where lipids, due to their poor miscibility with water and lower density, tend to locate at the air/aqueous phase interface [2, 3] . The protective efficacy of the TFLL, therefore, should directly relate to the chemical composition of the lipid layer, and its thickness. There is evidence that irregularities in the MG secretions (MGS) are one of the main causes that lead to a pathological condition commonly known as dry eye syndrome (DES) [4, 5 and 
references cited therein]. The chemical composition of MGS was
evaluated by a wide range of analytical methods, but surprisingly limited information was obtained using the current de facto standard of lipidomic analysis -mass-spectrometry (MS) with direct infusion of the analytes or in combination with high pressure liquid chromatography (HPLC) [6] . In our recent studies, we implemented MS and HPLC with atmospheric pressure ionization MS (API MS) detection to evaluate the major lipid classes of MGS [7] [8] [9] . The HPLC-API MS experiments with human MGS produced clear evidences of the presence of very hydrophobic compounds similar to wax esters (WE), cholesteryl esters (Chl-E), free cholesterol (Chl), and possibly free fatty acids (FA) and triacylglycerols (TAG). To our surprise, no detectable amounts of compounds that would coelute with authentic monoacylglycerols (MAG), diacylglycerols (DAG), ceramides (Cer), and phospholipids (PL) were detected [9] . Previously, DAG [10, 11] , PL and Cer [12] were reported to be present in human MGS, while in rabbits increased levels of Cer and free Chl were indicative of MG dysfunction, apparently due to hyperkeratinization of their eyelids [13] . No structural evaluations of the intact lipids were performed in any of those studies. A decade ago, 31 P-nuclear magnetic resonance spectroscopy ( 31 P-NMR) was implemented to analyze the PL composition of homogenized tarsal plates of rabbits [14, 15] . Several PL species were detected, among which phosphatidylcholine (PC) and phosphatidylethanolamine (PE) by guest, on September 14, 2016 www.jlr.org
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comprised almost 50% of the overall PL pool. However, considering very low sensitivity of the 31 
P-
NMR technique, duration of the experiments, and the method of collecting the sample material (dissection of eyelids), that approach seemed to be unsuitable for human studies. Moreover, it was suggested that animals (rabbits, in particular) are poor models of human TFLL and DES [16, 17] .
Therefore, to (1) further evaluate the structures of the compounds detected in normal human MGS collected from individual subjects, and (2) corroborate our observation of the lack of DAG, Cer, and PL in human MGS, we conducted ion trap API MS n analyses with direct infusion of the samples, which allowed us to perform multiple sequential fragmentations of the analytes 1 . This paper summarizes the results of our studies and presents structural data obtained with unmanipulated lipid species found in human MGS.
Materials and Methods
Reagents and equipment. HPLC-grade acetic acid, chloroform, n-hexane, methanol, propan-2-ol, and water were purchased from Aldrich (Milwaukee, WI) and/or from Burdick & Jackson Collection of MGS samples. Volunteers (5 male and 5 female, median age 34±3years), who underwent standard clinical tests for DES and showed no signs of ocular diseases, participated in the study. Samples collected from different volunteers were analyzed individually. The study was approved by the Institutional Review Board. The samples were collected as follows. A dry glass vial preweighed on an analytical microbalance was filled with 1mL of MS-grade chloroform. The MGS were expressed from a subject's four eyelids using a plastic conformer and a cotton swab. The lipid samples were harvested from the MG orifices using a platinum spatula. The samples were never in contact with the conformer or the swab. Samples collected from all four eyelids of an individual were pooled. The secretions that had been expressed from the glands immediately solidified at room temperature to assume a typical waxy texture. The sample was transferred into the vial with chloroform, dissolved, and the solvent was evaporated at room temperature under a stream of dry nitrogen. Then, the vial with the sample was re-weighed to determine the weight of the dry lipid material. Depending on the donors, the dry samples were between 0.1 and 3 mg. The standard error of weighing was ≤ 5% for each of the dry samples. The average weight of the nine samples collected from ten volunteers was 0.45 mg. The samples were stored under nitrogen at -80 o C. The samples were stable for at least three months.
Mass spectrometric analyses. Mass-spectra of the compounds were obtained in both the positive and the negative ion modes using both the ESI and the APCI ion sources. The m/z ratios were used to calculate molecular masses (M) of the parent compounds and their fragments. In the positive ion mode experiments, the compounds were typically detected as either proton (M+H) forming various adducts with already ionized particles (see below). The samples were dissolved in methanol:chloroform=2:1 (v/v) solvent mixture (MC) for the ESI experiments, and in a nhexane:propan-2-ol:acetic acid=949:50:1 (v/v/v) solvent mixture (HPA) for the APCI analyses. The HPA solvent mixture was also used for HPLC separation of nonpolar lipids. The solvent compositions were chosen to ensure complete solubility of all the analyzed lipid samples in the indicated concentration ranges, as well as their effective ionization under the tested conditions. To minimize the chances of sample degradation due to hydrolysis or solvolysis, no modifiers (acids, bases, or water) were typically added to the MC solvent in the direct infusion ESI experiments, unless stated otherwise. For APCI experiments in n-hexane-based solvent mixtures, between 0.1 and 1% (v/v) of acetic acid had to be added to achieve good ionization of the analytes. High-purity nitrogen was utilized as sheath gas throughout the experiments. To achieve the highest possible precision, the m/z ratios of the precursor compounds were routinely recorded in the zoom scan modes, in accordance with the ThermoElectron's recommendations. To obtain more detailed information on the structures, the major precursor ions were isolated and subjected to further sequential fragmentation in the MS n mode. The analyses were performed using the settings that were individually optimized for each analyte. Addition of metal ions (Na + or Li + ), often used to promote the formation of charged adducts [18, 19] , at this stage of initial characterization of MGS was avoided as at the time their effects on the resulting MS spectra could not be predicted. Often, such modifiers led to more complex MS spectra as they do not guarantee complete conversion of all the lipid species present in the mixture into one particular type of an adduct [18, 19] .
In our preliminary experiments, tested lipids readily ionized in either of the solvents (MC or HPA), and the MS spectra of the major components obtained in the two solvents were quite similar. The samples of standard phospholipids were analyzed by NP HPLC using the Lichrosorb Si-60 HPLC column. HPLC analyses of the lipids were performed using gradient elution by n-hexane/propan-2-ol/5mM aqueous ammonium formate mixtures at 30 o C according to the protocol presented in Table 1 .
API MS
The entire flow of the effluent was directed to the APCI ion source and analyzed either in the positive, or the negative ion modes as described above. The sample (less than 0.1 mg dry sample/mL) was dissolved in a hexane:propan-2-ol = 95:5 (v/v) solvent mixture. Between 0.5 and 10 µL of the sample solutions were injected. The same procedure was performed on the samples of MGS.
Results

Normal phase HPLC-MS analysis of lipid standards and MGS.
A model mixture of nonpolar lipids composed of several standards lipids whose analogues had been reported to be present in human meibum [10-15, 20, 21] was analyzed using normal phase HPLC (NP HPLC) with APCI detection of the analytes in the positive ion mode ( Cer), 1-miristoyl glycerol (MG), and oleamide (OAm). The lipid mixture was separated on a
Lichrosphere Diol HPLC column (3.2 x 150 mm, 5µm). The retention times (RT) of the lipid standards were used to map the corresponding lipid classes that were expected to be observed in MGS.
Surprisingly, MGS produced only one major elution peak whose retention time was identical to those of standard WE, Chl-E, and TAG ( To verify recent findings of Nichols et al [22] regarding OAm in meibum, we also conducted appropriate HPLC-MS studies of the human meibum with selective ion monitoring at m/z 282 ( Fig.3 ).
Compared to the other lipids present in meibum, very little, if any, of OAm was detected in all the tested MGS samples. By using a standard curve for authentic OAm (not shown), its presence in MGS was found to be below 0.1% (w/w, dry weight).
In the negative ion mode, there were three major compounds detected which possessed the m/z values of 729.8±0.3, 757.8±0.3 and 785.8±0.2 (n=44) (Fig.4) . The compounds eluted as one peak with their retention times being between those of WE and Chl.
A model mixture of standard PLs was analyzed on a Lichrosorb Si-60 column using a solvent gradient (Table 1) . Retention times of several standard PL are presented in Table 2 . When MGS were analyzed by HPLC-MS using the conditions optimized for PL analysis, they showed no noticeable HPLC peaks that would be indicative of PL (data not shown). The compounds with m/z ratios of 729.8, 757.8, and 785.8 eluted very quickly (RT ~1.7 min) and did not coelute with any of the PL standards.
Such short retention times put the analytes in the category of rather nonpolar compounds, and ruled out a possibility for them to be standard phospholipids.
MS analyses of lipid standards and MGS using direct infusion of the samples. A typical MS
spectrum of MGS in the positive ion mode is presented in Fig.5 . Note a striking resemblance of this APCI spectrum to the ESI spectrum presented in Fig.2 . This means that (1) most of the ions detected in the direct infusion ESI experiments eluted from the column very quickly as a major HPLC peak with RT of ~3.3 min (Fig.2) and, therefore, were nonpolar lipids; and (2) Their mean m/z values and the corresponding standard errors are presented in Table 3 . The above molecular formulas are consistent with wax esters which have two oxygen atoms in their structures.
Importantly, authentic wax esters -BO, SS, and SO -tested in preliminary experiments, produced exclusively proton adducts, and were never seen as sodium adducts. Table 3 . Each of them fragmented similarly to BO and SO producing ion m/z 283. Therefore, it was concluded that all of them had an OA residue in them. This suggests that they were homologous WE of general formula C n H 2n-2 O 2 formed of OA and a series of fatty alcohols with varying length of alkyl chains (Scheme 1). This conclusion was corroborated by NP HPLC experiments, in which all of the major components that belong to the C n H 2n O 2 , C n H 2n-2 O 2 and C n H 2n-4 O 2 families coeluted with standard WE. Importantly, all of the major ions described above were proton adducts of the corresponding compounds. While ESI experiments tend to produce sodiated adducts of some of the lipid classes as prominent ions, standard WE were observed exclusively as protonated species. In addition, both the ESI and APCI spectra of MGS were virtually identical, which further confirms our conclusion.
Fragmentation of authentic SS proceeded similarly to BO with a major difference being a product ion with m/z value of 285.1, which was attributed to a proton adduct of stearic acid (SA, theoretical m/z 285.3). Similar ions were observed among fragmentation products of the compounds of the C n H 2n O 2 series. Therefore, the latter were tentatively identified as saturated SA-based WE. Because of (a) low abundance of these compounds, and ( matched that of synthetic Chl (Fig.9) . As very little free Chl was detected in our HPLC-MS experiments (Fig.2) , the vast majority of these signals apparently came from the pool of Chl esters. carrying the second esterified fatty acid moiety, glycerol, and a negatively charged head group(s) (Scheme 4).
To further elucidate the question, which, if any, PL were present in human MGS, we conducted comparative ESI MS analyses of a model mixture of PL (Fig.11 ) and of intact human meibum (Fig.12) using the direct infusion method in both the negative and the positive ion modes. Indeed, a fragment m/z 193.14 was detected in our experiments (Fig.12B) . Along with the deuterated phosphocholine ion, an extremely low intensity signal of the natural phosphocholine with m/z 184.2 was observed. Its intensity was less than 5% of the intensity of its deuterated counterpart. Considering that
(1) the signal with m/z value of 184.1 was not detected in pure meibum, and (2) the isotopic purity of commercial SSPC-D 9 was around 98%, signal of natural phosphocholine m/z 184.1 was attributed mostly to an isotopic impurity in the preparation of SSPC-D 9 . Therefore, the combined presence of PC and SM in MGS was estimated to be negligibly small at less than 0.015% (w/w), if any. This ratio is at least two orders of magnitude lower than was previously reported [21] . With the exception of the signals m/z 701.6 and 729.6 (weak), which belong to the family of wax esters discussed above, there
were no strong signals in the range of 700 to 850 of the mass spectra of MGS samples, where signals of typical PLs were expected to be [24] .
Discussion
The preliminary MS analysis of the model lipid mixtures showed that both nonpolar and polar lipids and their mixtures could be successfully detected using API mass spectrometry at the concentrations of 1µg of individual lipid /mL and below. The choice of the analytical standards used in the study was based on the previously reported compositions of MGS [10-15, 20-22, 25-31] . Thus, BO, Chl-O, and TP are typical representatives of, correspondingly, WE, Chl-E, and TAG similar to the species previously found in MGS. OA, POPC and SM were also reported to be present in human meibum [15, 25, 28] . Other lipids mentioned in the text were typical representatives of the corresponding lipid classes. It was noticed that high concentrations of the lipids had detrimental effect on the measured m/z values -typically, they shifted up by 0.1 to 0.3 units with the increase in the concentration of the analytes. Therefore, it was critical to maintain dilution of the samples in the proper range, which was found to be about 0.1 to 0.3 mg total lipid/mL for MGS for direct infusion ESI experiments, and below 0.1 mg total lipid/mL for HPLC-MS experiments with APCI detection. The working concentrations of standard lipids were typically kept at 1µg/mL and below.
A prominent feature of the API mass spectra of MGS was a group of signals with m/z values of 550 to 700 that were visible in the positive ion mode (Figs.2 and 5 ). The HPLC retention times and fragmentation patterns of those were indicative of WE ( Figs.1 and 2) . Indeed, the homologous compounds of C n H 2n-2 O 2 series were identified as OA-based WE (Table 3 and Scheme 1). Quite similar, but often not identical, signals were reported in the earlier papers [29, 30] and were attributed to a complex mixture of DAG, TAG, and WE, full structural analyses of which were not performed at the time [27, [29] [30] [31] . The variations in the m/z values between our findings and the earlier data could be caused by the differences in the implemented techniques, which resulted in a better signal-to-noise ratio in our experiments due to the advances in MS technology. Contrary to the previous findings [27, 29, 30], we did not find appreciable presence of MAG, DAG, and TAG in the analyzed MGS samples.
Occasional observation of two positive ions with m/z 282.1 and 304.1 in several (but not all) of our samples qualitatively corroborated earlier report by Nichols et al [22] who had proposed that OAm might be an intrinsic part of the human MGS, which, besides being a lipid signaling factor, could serve a structural role in formation and functioning of human TFLL. However, our experiments showed that the OAm presence was very minimal compared with other detected nonpolar lipids (Figs.2 and 3 ). If present in meibum in such low quantities, it is unclear whether the compound would be able to have any structural role in maintaining integrity of the TFLL, leaving its putative signaling role as the most viable option.
Free Chl was also identified among the components of MGS. A strong signal with m/z 369.3
was routinely observed in all of the samples during the direct infusion (Fig.5) and HPLC (Fig.2) experiments. It originated, at least in part, from free Chl and from other Chl-containing species that coeluted with standard Chl-E. It remains to be seen whether those species are indeed Chl-E, Chl ethers, or a dehydroxylated derivative of Chl itself. Quantification of the lipid species observed and identified in the positive ion mode is currently underway and will be reported separately.
The results of our MS n experiments conducted in the negative ion mode suggested that there was a group of apparently novel anionogenic lipid compounds present in MGS that have not been described in meibum before ( Fig.10 and Scheme 4). Considering that the experiments were performed over an extended period of time, the averaged m/z values were computed (see above). The compounds were detected in a variety of solvents, including methanol, chloroform-methanol mixtures and n-hexanepropan-2-ol-acetic acid mixtures. Therefore, it is more likely that they are true anions rather than adducts of neutral molecules with anions, e.g. acetate or chloride. Effective ionization of these compounds in the negative ion mode necessitates the presence in them of labile protons similar to those found in phosphoric or carboxylic acid residues. Fragmentation patterns of these acidic lipid species (Fig.10) resembled fragmentation of phosphorylated DAGs and suggested that there were two fatty acid residues in their structures. We consider it plausible that the following transformation 729→(253 +281+465+493) could be indicative of a compound with 1-palmitoyl-2-oleoyl-glyceryl fragment (Scheme 4A). Indeed, if the fragmentation pattern of the authentic sample of POPG (Scheme 3) is used as a template to explain the fragmentation of the compound m/z 729, the signals 253 and 281 could be attributed to, respectively, sn-1 palmitate and sn-2 oleate -the most common fatty acids in various lipid species -while fragments 465 and 493 are the larger fragments of compound A depicted in Scheme 4A.
The corresponding assignments of the fatty acyl chains were based on an established opinion that common fatty acid residues derived from sn-2 position produce a stronger signal than those released from sn-1 position of PLs ( [24] and references cited therein).
Similarly, transformation 757→(281+493) shows that the precursor compound could be 1,2-dioleoyl-glyceryl-containing lipid B (Scheme 4B), while transformation 785→(281+309+521+503) points toward 1-oleoyl-2-eicosenoyl-glyceryl-containing compound C (Scheme 4C). Note that the geometry and localization of the double bonds are assumed to be the common cis-∆ 9 . Neither of these compounds could be classified as a WE, CE, MAG, DAG, or TAG, as ( (Fig.12) . Therefore, neither HPLC APCI-MS analysis [7] [8] [9] , nor the direct infusion APCI and ESI MS Insert. Mass spectrum of the peak with RT 23.3 min.
HPA solvent mixture was used as HPLC solvent. Insert. Mass spectrum of the peak with RT 4.6 min.
HPA solvent mixture was used as HPLC solvent. Ions with m/z 591.6, isolated during MS 1 phase of the experiment, were fragmented as follows: 591 → 283 (MS 2 , loss of behenyl alcohol) → 265 (MS 3 , loss of water) → a series of fragments (MS 4 ). Collision energy was 32 to 35V at every fragmentation step.
HPA solvent mixture was used solvent. HPA solvent mixture was used solvent. 
